Abstract--Distributed energy resources can provide power to local loads in the electric distribution system and benefits such as improved reliability. Microgrids are intentional islands formed at a facility or in an electrical distribution system that contains at least one distributed resource and associated loads. Microgrids that operate both electrical generation and loads in a coordinated manner can offer additional benefits to the customer and local utility. The loads and energy sources can be disconnected from and reconnected to the area or local utility with minimal disruption to the local loads, thereby improving reliability. This paper details the development and testing of a highspeed static switch for distributed energy and microgrid applications.
I. INTRODUCTION
Distributed energy resources (DER) are sources of electric power that are not commonly connected to a bulk power transmission system. They are instead interconnected near the load in the electric power distribution system. Because DER are sited at customer load locations, they can be more efficient than centralstation generators because no transmission and distribution system losses occur. DER can also provide benefits such as improved reliability if they are interconnected with the electric grid in a microgrid configuration.
Microgrids are intentional islands formed at a customer facility (Figure 1 ) or location that includes part of the Area electric power system (EPS) distribution system (Figure 2 ) that has at least one DER and associated loads. The loads and energy sources can be disconnected from and reconnected with the Area or Local EPS with minimal disruption to the local loads. When a microgrid is implemented in an electrical distribution system, it must be well planned to avoid problems. For 
This project involved the development and testing of a high-speed static switch, called the DER Switch, for distributed energy and microgrid applications. The objective was to consolidate the various power and switching functions (e.g., power switching, protective relaying, metering, and communications) traditionally provided by relays, hardware, and other components at the utility interface for modem DER systems into a single system with a digital signal processor (DSP). The DER The objective of this research was to design, build, and test a working DER Switch prototype that met as many of these goals as possible, given limited time, funding, and data on traditional solutions and the maturity of low-cost products available in the market today. The key measures of success were a prototype DER Switch that (1) integrated all control and protection functions typically performed by relays and other hardware; (2) had the ability to meet relay, IEEE 1547, and power quality and other performance goals; and (3) The three types of DER Switch investigated were CBbased, SCR-based, and IGBT-based. The CB-based DER Switch can respond in 20-100 ms and is the predominant variety of utility interconnection device being installed. The one-line schematic of such a utility interconnect is shown in Figure 3 . The SCR-based DER Switch, shown in Figure 4 , can respond in one-half cycle (8 ms) to one cycle (17 ms) in 60-Hz grids. Some The DER Switch's ability to provide a range of interconnection speeds allows flexibility to match application requirements. The CB-based DER Switch is the simplest and lowest-cost technology that can test all relay, IEEE 1547, and power quality functions. In the more complicated semiconductor (i.e., IGBT and SCR) designs, input and output CBs are required for backup protection in case the semiconductor switch fails to allow DG the DER Switch to disconnect DG from the grid.
III. TESTING AND RESULTS
The DER Switch is a working, low-cost prototype that validates the concept of integrating controls and protection functions typically done by relays and other hardware into a single system and DSP for CB-based technologies and semiconductor-based technologies such as IGBT, SCR, and IGCT switches. By designing for the most challenging semiconductor switch technologies (i.e., IGBTs and SCRs), the developers created a system and software that are also compatible with slower but significantly cheaper CBs. As a result, the majority of testing of the critical controls and protection functions occurred with a low-cost, CB-based switch. The DER switch constructed for this project operated at 480 V and was rated for 200 A.
The tests included general commissioning followed by operational tests. The general commissioning tests ensured the switch's manufacturing integrity. The operational tests confirmed the operation of the various control algorithms, including the prototype's performance, relay, IEEE 1547, and power quality functions.
The general test setup of the DER Switch consisted of two power converters (i.e., PR4 and PR5) connected as shown in Figure 6 . These are three-phase inverters, and their outputs are at 208 Vaci1. Transformers T3 and T4 stepped up the voltage to 480 Vacil. The inverter PR4 emulated the grid, and the unit PR5 emulated the DER asset. The operation of the DER Switch could be tested in several scenarios using this setup, and the 1:1 delta-wye transformer (Tx) could be used to test various grounding and neutral schemes.
Because of the controller setup for the inverters (PR4 and PR5), the grid inverter has independent control of each phase. The DG inverter has three-phase controllable outputs. The loads of the inverters are adjustable and changed to obtain desired power flow.
All relay function, 1547 event, and power quality testing was done by injecting signals directly to the controller signal conditioning boards. This is commonly referred to as "secondary injection testing." Most digital controller devices do not directly measure line voltage and current conditions. Rather, they measure scaled versions of line conditions, with the scaling accomplished through potential transformers and current transformers. These transformers convert high primary voltage and current levels to values much more appropriate for digital sensing and processing applications. 
